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SUMMARY 




This paper presents a summary of research programs dealing with helicopter 
hingeless-rotor structiiral loads and dynamics. The programs include (l) flight 
investigations, (2) dynamic-model wind-tvinnel tests, and ( 3 ) derivation and sub- 
stantiation of simplified analytical techniq.ues for the prediction of critical 
stnictural loads in maneuver flight. Comparison of measured data and analytical 
results will be utilized in order to clarify the trends observed in the flight 
and wind-tunnel results. 


INTRODUCTION 


The purpose of this paper is to summarize some of the recent research 
activities dealing with helicopter hingeless-rotor structtiral loads and dynam- 
ics. This work includes flight-test, wind-tunnel investigations, and analytical 
studies. The interest in the hingeless rotor stems from the fact that it offers 
potential advantages in a number of areas. First, because of the cantilever 
action of the blades, large control moments can be developed and transferred 
directly from the rotor into the fuselage as a strong source of aircraft 
pitching and rolling moment. This results in order-of -magnitude improvements 
in the rotor control power and damping capability, which leads to significant 
improvements in the handling qualities of the helicopter. The second area of 
improvement stems from the opportmity to achieve a substantial reduction in 
rotor hub complexity with the elimination of the blade flapping and lagging 
hinges, in-plane blade dampers, and associated hardware. This reduction in 
complexity, which results in less mechanical maintenance, also provides . an 
opportunity for a significant reduction in rotor hub drag. 

While the cantilever rotor design is not new to the helicopter field, the 
current designs, in contrast to early "rigid" rotors, do not attempt to elimi- 
nate flexibility in the rotor system. It is believed that most and perhaps all 
of the past failtires with the cantilever systems stemmed from attempts at pre- 
venting flexibility. The flexible hingeless-rotor system represents a new aero- 
elastic configuration and therefore requires a thorough investigation of the 
structxiral load and dynamic characteristics of the concept. 
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SYMBOLS- 
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Kyp 
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Ma 

Mb 

Me 

MvL 

Mtlp 

Mw 

P 

q 

R 

t 

V 
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'"IR 


section lift-c\irve slope 

lateral component of blade cyclic feathering motion, radians 
thrust coefficient 

blade chord, in. 
virtual hinge offset, in. 

p 

mass moment of inertia about virtual hinge ^ slug-ft*^ 

Southwell coefficient for first flapwise mode 

effective spring stiffness at virtual flapping hinge^ in-lb/radian 

effective spring stiffness at virtual lag hinge^ in-lb/radian 

longitudinal component of rotor hub moment^ in-lb 

lateral component of rotor hub moment^ in-lb 

blade chordwise bending moment, in-lb 

moment about virtual lag hinge, in- lb 

tip Mach number 

blade weight moment about root end, in-lb 
aircraft rolling angular velocity, radians/sec 
aircraft pitching angular velocity, radians/sec 
blade radius, in. 
time, sec 

velocity along flight path, mph 

simulated full-scale velocity along flight path, mph 
blade first-mode flapwise deformation, rotating, in. 
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ratio of blade element radius to blade radi\is 


amplitude of blade first harmonic flapping angle with respect to 
shaft axis, radians 

amplification factor 
lag response coefficient 
blade Lock nximber 

blade Lock number, based on virtual lag hinge, pacR^/ly 
damping coefficient in first mode 
load factor 

blade collective pitch angle, radians 
first harmonic cyclic blade pitch, radians 
total blade twist, radian 
rotor tip speed ratio, V/ftR 

blade first chordwise mode natural frequency, rotating, radian/sec 
blade first chordwise mode natural frequency, nonrotating, radian/sec 
nondimensional offset of virtual hinge 
density of atmosphere, slugs/ft^ 

blade first mass moment about virtual hinge, slug-ft 
azimuth phase angle of first harmonic blade flapping eingle, degree 
azimuth phase angle of first harmonic blade cyclic feathering, degree 
azimuth phase angle of cyclic control input, degree 

blade azimuth position, degree 

rotor rotational speed, .radians/sec 

normal operating rotor rotational speed, radieins/sec 



“IR 


blade first flapwise mode natural frequency, rotating, radians/sec 
blade first flapwise mode natural frequency, nonrotating, radians/sec 


GENERAL CHARACTERISTICS OF HINGELESS ROTOR 


The hingeless rotor is sometimes referred to as a "rigid" rotor system. 
While this terminology focuses attention on the primary difference between 
hingeless and articulated rotors, it must be recognized that, in fact, it is 
the use of flexibility that is the key to the successful utilization of the 
hingeless-rotor concept. From the standpoint of structoiral loads and dynamics, 
the hingeless rotor represents a fundamental change from dealing with the artic- 
ulated blade dynamic response in the rigid-body pendulum mode to dealing with 
the cantilever blade dynamic response in the first bending mode. Certainly a 
rigorous treatment of either configuration would deal with higher order bending 
modes, but it is the nature of the first-mode response characteristics that 
determines the fundamental differences in the two rotor systems. 


Blade Flapping Response 

A comparison of hinged and cantilever blade first-mode natviral frequencies 
as a fvinction of rotor speed is shown in figure 1. A cttrve of the first-mode 
natural frequency in the flapwise degree of freedom, as a function of rotor 
rotational speed, is given for each of three uniform blade configtirations; 

(l) zero-offset hinged blade, (2) conventional offset hinged blade, and ( 3 ) a 
typical cantilever blade. Also shown are the first-mode shapes for the three 
configurations. The frequencies and mode shapes shown in figure 1 were obtained 
from reference 1. While the mode shapes for the hinged rigid-body modes are not 
influenced by rotational speed, the cantilever mode is altered somewhat by cen- 
trifugal stiffening, which reduces the cvirvature over the outboard portion of 
the blade. 

From the standpoint of rotor control and response, the predominating force 
inputs are occurring at once-per-rotor revolution. A typical source of such 
once-per-revolution force inputs is the aerodynamic force resulting from rotor 
cyclic control. The governing equation of motion for the flapping degree of 
freedom response to cyclic control input in hovering flight is: 
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Substitution of the natviral frequencies anl mode shapes at 

normal operating rotor speed from figure 1 Into the above equations will give 
the relative response characteristics of the hinged and cantilever blades. 
AssTjming the blades are Identical In uniform mass distribution and aerodynamic 
characteristics, the relative response characteristics are shown In figure 2. 
The three-blade configurations are being forced at a frequency at or slightly 
above their natural frequency and the results Indicate that the relative arapll- 
tiade responses of the three blades are very nearly the same. Therefore, the 
cantilever rotor blade deforms like a hinged blade and Is far from being a 
structTirally "rigid" blade. 

In the case of the phase response of the three blade types. It can be seen 
In figure 2 that the cantilever blade phase response Is quite different from 
that of the hinged blades. The hinged blades have phase-angle response eqiaal 
to or close to 90 degrees. However, the flapping deformation of the cantilever 
blade lags the force input by only 60 to 70 degrees. It sho\jld be noted that 
the cantilever blade phase lag is far from that of a triily rigid rotor which 
wo\ild have a phase lag of zero degrees. Due to the difference in phase-angle 
response the control phasing must be retarded from the conventional 90 degrees 
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to the order of 60 degrees. This "retardation," indicated on figure 2, must 
be incorporated into the cantilever rotor control system in order to eliminate 
large, trades irable cross- coupling in rotor response to lateral and longittidinal 
control inputs. 

Another area where the reduced phase-angle response of the hingeless rotor 
reqtiires attention is in regard to rotor pitch and roll angular-velocity 
damping. Here again, the force inputs to the blade associated with rotor angu- 
lar velocity in pitch and roll originate from once-per-rotor-revolution gyro- 
scopic and aerodynamic soxirces. The result is that the basic hingeless-rotor 
angular-velocity response is also cross coupled in the lateral and longitudinal 
directions. In other words, a longitudinal (pitching) angvilar velocity pro- 
duces a lateral rotor moment as well as the direct longitudinal rotor damping 
moment . 


Analytical Methods 

In order to treat the control and damping response of the hingeless-rotor 
system in a relatively simplified manner and to utilize conventional rotor 
analysis, the cantilever blade can be replaced by an equivalent offset hinge 
blade, which is considered as a rigid body, with spring restraint at the hinge 
as shown in figure 5» The equivalence is derived and described in reference 2. 
The equivalent offset blade is established on the basis of the cantilever blade 
mode shape, nonrotating natural frequency, and rotating nat-ural frequency. The 
equivalent offset is established to give the approximate bending-mode shape and 
Southwell coefficient, or frequency rise factor, of the cantilever blade. The 
eqiaivalent offset in nondimens ional form is given by 

_ ey _ - 1 

^ R 2Kj^ - 1 

In order to provide complete dynamic equivalence 
restraint is required and the spring constant is such 
hinged-hlade natural frequency oc^g equal to that of 

lever "blade. The spring constant is given by 

Kyp = Iv<UlS^ (®) 


(7) 


some hinge spring 

as to give a nonrotating 

the nonrotating canti- 


Thls spring restraint at the hinge will be representative of the level of can- 
tilever structviral stiffness. For a typical case the contribution of this 
structural stiffness to the total rotating blade stiffness is about 5 percent 
of the total. In other words, the centrifugal force field still provides the 
major portion of flapwlse stiffening, even for the cantilever system. There- 
fore, for the flapwlse degree of freedom, the cantilever blade deformations 
and the Influence of centrifugal force on the deformed blade are essentially 
the same as for a conventional offset hinge blade. However, it is necessary 
to include the hinge spring in the equivalent blade treatment so that the 
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cantilever tlade mode shape, flapping angles, natiiral frequencies, blade 
response phase eingles, and root bending moments can be simulated properly. 

With the equivalent offset and spring restraint established on the basis 
of the cantilever blade first-mode characteristics, the cantilever blade root 
moments and effective flapping angles can be calculated using conventional 
hinged- rotor analysis. The first harmonic blade root moments and phase angles 
calculated using the equivalent offset blade and spring restraint will be equal 
to the first harmonic cantilever blade root moments and phase angles. This 
equivalence is also derived in reference 2. 

In general, the cantilever blade flapping response will result in effec- 
tive blade flapping angles which are very nearly equal to those of conven- 

tional offset hinged blades. In contrast to the similarity in the amplitude 
of blade motion, a most significant difference between the hinged and canti- 
lever blade is the magnitude of the moments transmitted to the rotor shaft. 

The effective offset and spring restraint of the cantilever blade serve to 
develop large moments at the rotor hub. The magnitude of these moments are of 
an order-of -magnitude greater than those normally associated with hinged-rotor 
systems . 


Rotor Moment Characteristics 

The control-moment and angular-velocity damping-moment characteristics of 
a hingeless-rotor system can be calculated \ising the concept of an eqtiivalent 
hinged blade with an 8- to 12-percent offset and with spring restraint at the 
hinge. The conventional offset hinged-blade flapping equations can be used 
with suitable modifications to account for the hinge spring restraint. 

The results of sample calc\ilations are shown in figures 4 and 5 for an 
eqvilvalent offset value of 10 percent. The longitudinal and lateral hub 
moments, in nondimens ional form, are presented for a range of blade Lock n\mi- 
ber and blade nonrotating first-mode natviral-frequency ratio, Current 

cantilever blade designs have a nonrotating flapwise frequency ratio of 
on the order of 0.2. 

Figure 4 indicates that the direct longitxidinal moment per degree of lat- 
eral blade cyclic feathering input is accompanied by lateral, or cross coupled, 
moment. For a given value of amoiant of cross coupling varies with 

blade Lock number 7 due to the affect of aerodynamic damping on phase 
response. This indicates that there will be variations in control-moment 
response associated with large changes in altit\ide. Figure 5 presents direct 
and cross-coupled rotor pitching- velocity damping-moment trends. Here again, 
the moment response is cross coupled and strongly influenced by blade Lock mna- 
ber for any given value of indicates there will be altitude 

effects on the angular-velocity damping-moment response of the rotor. 

While the solution to control-moment cross coupling lies in some form of 
control input "retardation," the solution to cross-coupled angular- velocity 
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dan^Jing niay reqiilre careful selection of blade stiffness and Lock ntmber or the. 
use of some feedback system which is sensitive to aircraft angular velocity. 

The rotor control-moment and damping-moment capability indicated in figures 4 
and 5> even for blades with low values of are an order-of -magnitude 

greater than conventional helicopter rotor capability. This increased moment 
capability was demonstrated d\iring the wind-tunnel tests of a full-scale 
hingeless-rotor helicopter at the NASA-Ames Research Center. The results of 
this investigation are presented in reference 5* This increased moment capa- 
bility suggests that careful attention must be given to the blade root and 
rotor hub structural loads. 


FLIGHT INVESTIGATION 


In order to proceed with an exploratory flight investigation with a 
hingeless-rotor system^ NASA purchased from Bell Helicopter Company a duplicate 
of an existing set of experimental hingeless-rotor components. The configura- 
tion was identical to that of the rigid hub rotor described in reference 4. 

The test aircraft is shown in figure 6. 


Test Aircraft, Instrumentation and Procedure 

The basic aircraft was an Army H-IJG helicopter. The standard teetering 
rotor and the control linkage above the swashplate were removed and replaced 
by the experimental three-bladed hingeless-rotor system. The rotor blades were 
modified H-IJH metal blades. The modification consisted of removal of a sec- 
tion of blade tip and adding a 12-pound tip weight. The resvilting rotor radius 
was 190 inches with the modified blade mounted on an experimental rotor hub, as 
shown in figure 7. The hub was intentionally overdesigned so as to provide 
generous margins of safety. 

The principal feature of the main rotor blade pitch control linkage 
arrangement was the phasing used between the control inputs at the swashplate 
and the feathering axis of the rotor blades. This phasing was reduced from 
the usvial 90 degrees to 62.5 degrees and corresponds to a control "retardation" 
of 27.5 degrees. This "retardation" was discussed in general in the first sec- 
tion of this paper, in connection with cantilever blade response, and was 
illustrated in figure 2. No artificial stabilization devices were used during 
the investigation and the horizontal stabilizer, normally used on the H-I5 
aircraft, was removed prior to beginning the test program. 

Since the principal innovation in the hingeless-rotor- system concept is 
the capability to transfer large moments from the rotor system into the hub 
and rotor shaft, attention was focused on the measurement of the structviral 
bending moments in this area. The blade root, hub, rotor shaft, and control 
linkages were the primary components selected for strain-gage instrumentation. 
Flight -test instrumentation was also installed for the measurement of the nec- 
essary parameters to document the aircraft's flying qualities. These param- 
eters included aircraft angular velocities and control positions. 
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The test program consisted of 1^ hours of operation. During the program, 
data were obtained for various ground and flight operating conditions. In gen- 
eral, the flight conditions Investigated Included level flight thro-ughout the 
forward speed range, autorotation, vertical descents, steep turns In level and 
autorotatlve flight, abrupt maneuvers, and slope take-offs and landings. 


Control Characteristics 

While the documentation and analysis of the aircraft flying q,ualltles are 
treated In references 5 and 6, a brief mention of the aircraft’s control char- 
acteristics is Included here In order to Illustrate the influence of rotor 
dynamics on the flying- qualities evaluation. The response of the hingeless- 
rotor system was very rapid when compared to the response of the typical 
articulated- rotor system as Illustrated in the right-hand portion of figure 8. 
Because of the tight response, the pilot received early and clear evidence of 
the angular velocity developed by a given control input. The measured control 
power and damping values are an order-of -magnitude greater than conventional 
aiiiicxilated rotors. This comparison is presented in the right-hand portion of 
figure 8. This Increase in control power and damping is also reflected in the 
calculated values for the H-15 hingeless rotor also shown in figure 8. This 
calcxilated control power and damping was obtained using the equivalent-offset 
flapping blade approach discussed in the first portion of this paper. The new 
level of control and response capability led, intimately, to the performance 
of more abrupt and more severe maneuvers, hence, directly influencing the 
structural loads experienced. 

While the overall level of control power and damping lnproved signifi- 
cantly, the presence of cross coupling in the pitch and roll response was noted 
by the pilot and was borne out by the measured response to purely longitudinal- 
and lateral- control step inputs. The measured response to a longitudinal- 
control step input and to a lateral-control step input is shown in figure 9* 
This figure is in the form of plots of aircraft pitching angular velocity 
versus rolling angular velocity resulting from unit step inputs in the longi- 
tudinal direction and in the lateral direction. The curves may be viewed as 
representations of variation in magnitude and direction of the restiltant air- 
craft angular velocity following the control step Inputs. As previously men- 
tioned, the installed control retardation was 27* 5 degrees. Also shown on the 
figure, for comparison purposes, are the calculated response curves based on 
the results of the equivalent-offset blade analysis and the coupled pitch and 
roll equations of motion for the aircraft. 

The most significant points to be noted here are (l) the difference in 
the phasing between initial angular-velocity response and final steady- state 
angular-velocity direction and (2) the dropoff in the final measured roll 
angular-velocity response. The shift in response phase was due to cross cou- 
pling during the maneuvers and the shift was particularly objectionable to the 
pilot, especially in the roll maneuvers. The large reduction in the final roll 
angular velocity indicated by the measured data in figure is attributed to 
a strong dihedral effect, which was not included in the calculated curves. The 
calculated response curves, including 27*5 degrees control retardation, compare 
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reasonably well with the measured results. The calculated c\irves, without con- 
trol retardation included, indicate that very •undesirable response characteris- 
tics would be expected. The results of this investigation suggest the need for 
careful attention d\iring the detailed design of a hingeless-rotor system so as 
to minimize the effects of cross coi 5 )ling. This will Involve careful selection 
of blade stiffness. Lock number, control retardation aM the possible 'use of an 
angular-velocity feedback system. 


Structural Loads 

The objective of the structixral loads portion of this investigation was to 
san 5 )le all the practical ground and flight operating conditions in an effort to 
Identify those conditions which reqialre most immediate and detailed study. The 
rotor system possessed control capability of sufficiently large magnitude to 
cause concern over the large -amplitude cyclic loadings that co'uld be induced in 
the primary struct'ure of the aircraft. The following discussion treats some of 
the more significant restilts of the structural loads investigation. 

Ground operation .- The gro'und-operation investigation was limited to 
observing the trends in the rotor-blade and rotor- shaft bending moments. Due 
to the fact that the rotor shaft was designed for use with a teetering rotor 
system, the allo-wable cyclic bending-moment amplitude was established at 
1500 foot-po\mds on the basis of rotor-shaft fatigue test data. Inasmuch as 
the hingeless-rotor system had the capability of producing hub moments on the 
order of 1200 foot-pounds per degree of cyclic control input, extreme care had 
to be exercised by the pilot to keep the cyclic stick centered d'uring ground 
run-up and lift-off. It was necessary for the pilot to anticipate the cyclic 
trim position during transition from the ground to the airborne condition in 
order to avoid large transients in rotor- shaft cyclic bending moment. 

Struct'oral loads trends were observed during slope take-offs and landings. 
It was determined that the best control technique to minimize cyclic bending 
moments in the rotor system was to apply almost full collective control prior 
to bringing the aircraft to a level attitude with cyclic control. The reverse 
control sequence was used in slope landings. In addition to pilot technique, 
there are a number of available approaches toward the reduction of the rotor 
shaft bending moments, such as reducing gear tread width, but it will require 
specific design attention. 

Flight loads .- The in-flight structural loads encountered are considered 
in two categories - first, those measured in level flight and, second, the 
loads measured in maneuver flight. 

Level flight: The level-flight struct-ural loads in primary rotor compo- 

nents are summarized in figure 10. Although the test rotor was fabricated 
from standard articulated components (except for the hub itself), the measured 
loads experienced in level flight throughout the speed range were not above 
the design "fatigue limit" for these components. "Fatigue limit" is defined as 

O 

the cyclic load amplitude which res-ults in a fatigue life equal to 10° cycles. 
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' Maneuver flight: During the test program, structural loads were monitored 

carefially as the flight envelope was expanded in order to assure safety of 
flight. In general, the high loadings were not of a critical nat\ire, and the 
increase in load level with severity of the maneTiver was certainly not unex- 
pected, especially with regard to rotor shaft and hlade flapwise bending 
moments. The structural loading of most concern was the "in-plane," or chord- 
wise bending moments induced in the rotor blades. The amplitude of the rotor 
blade chordwise cyclic bending moment was very sensitive to maneuvers in which 
high aircraft angular velocities were developed. In some instances the ampli- 
ttide of this loading expanded well beyond the structural fatigue limit, during 
pitch and roll manexivers that were well within the control capability of the 
aircraft. 

The buildup of cyclic chordwise blade bending moment with aircraft angular 
velocity occurred in pitch and roll maneuvers throughout the forward speed 
range. This is illustrated in figures 11 and 12, where sample time histories 
of the blade and mast bending moments are presented for a hovering manexiver and 
a maneuver at a forward speed of 70 knots. The relative magnitudes of the 
chordwise, flapwise, and mast bending moments are not presented to scale in 
these figures. The sample loads measurements presented in figxire 11 are for 
the hovering maneuver where the pilot executed a longitudinal control step dis- 
placement and recovery. During the period of maximum pitching angular veloc- 
ity, the buildup of the cyclic chordwise bending moment reaches a maximum 
amplitude which is above the structural fatigue limit of the blade. The oscil- 
latory flapwise bending moments increased in amplitude during the recovery 
manettver, but do not show the degree of sensitivity to the maneuver exhibited 
by the chordwise bending moment. The mast moments during the initial portion 
of the maneuver do not build xq) due to the application of a control moment 
becaxise the initial control moment cancels a moment due to minor center-of- 
gravity offset. However, during the recovery, where the control moment and 
the offset center-of -gravity moment add, the cyclic mast moments reach a maxi- 
mxmi dxrring maxi mum angular acceleration. 

The sitxiation at a forward speed of 70 knots is shown in figure 12. Again 
the chordwise bending moment shows the large bxiildxjp with aircraft angular 
velocity and again above the structxxral fatigue limit. Continuous operation 
at this load level woxxld result in a lO-hoxir fatigue life for this rotor blade. 
In contrast to the loads measxired in hovering and the 70-knot manexiver condi- 
tions are the loads measxired during a manexiver performed in auto rotation. In 
this sitxiation there was a complete lack of chordwise cyclic bending-moment 
buildup, even though an angular velocity of O.k rad/sec was obtained. This 
autorotation case involved low blade coning and reduced blade flapwise cyclic 
bending moments. 

From the standpoint of structural loads, the sensitivity of the blade 
cyclic chordwise bending-moment amplitude to maneuvers was the primary concern 
in the flight investigation. Therefore, the principal goal of the analytical 
work of this investigation was to establish the relationship between rapid 
aircraft manexivers and the hi^-amplitude chordwise bending moments. 
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ANALYSIS OF MANEUVER LOADS 


A theoretical analysis of the oscillatory chordwise tending moments during 
maneuver conditions was performed using an extension of the equivalent offset 
hinged-hlade analysis. In this case the equivalent offset and hinge spring 
restraint were determined for the lagging degree of freedom and the moment 
equation about the virtual lag hinge was derived for the manewering conditions. 
As a result of an assvunption of identical first bending mode shapes for the 
flapwise and lagging degree of freedom the effective lag hinge offset is iden- 
tical to the flapping hinge offset and the lag hinge spring constant is: 


%L - ^^IS 


(9) 


The resxalts of this analysis indicate that, for a given configuration, 
the blade oscillatory chordwise bending moment buildup during maneuvers is 
primarily dependent upon the amplitude and phase relation between blade flapping 
deformation and blade cyclic feathering motion 0^^ as follows; 


Mvl = -Kyl^'l^v 
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An example of how the flapping deformations and feathering motions combine 
to give large-amplitude chordwise bending moments is illustrated in figure 15 - 
This figure is a polar plot of the recovery portion of the pitch maneuver in 
hover shown in figure 11. The polar plot shows the P]_, 6 ]^, M^^p situation 

at the time of maximum nose-down pitching angvilar velocity or approximately the 
19 th revolution in figure 11. The Pp, 0p, and Mq p values presented in 

figure 13 have been nondimensionalized by dividing by their respective maximum 
values during the manevtver, and the resulting values are indicated by the 
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symbols in the figure. The hlade flapwise bending moments, and therefore the 
flapwise deformations are occurring in the azimuth region of 270 degrees. 

These lateral flapping deformations resvilt in maximum flapping velocities in 
the vicinity of zero degrees azimuth. These flapping velocities, in turn, 
induce blade cyclic chordwlse moments primarily as a result of Coriolis effects. 
The maximum blade feathering motion required to perform the recovery maneu- 

ver occurs at an azimuth of approximately 520 degrees. 

The calculated values of blade chordwise moment, also in a nondlmensional 
form, are shown in figure 15 by the heavy dashed lines. The direct aerodynamic 
induced chordwise moment is in-phase with the feathering motion and the Coriolis 
induced chordwise moment is in-phase with the flapping velocity, which is 
90 degrees ahead of the flapping deformation. The resultant calcxlLated chord- 
wise moment, also shown in figure 15, compares reasonably well with the meas- 
ured maximum chordwise moment amplitude and phase angle. 

A detailed comparison of calculated and meas\ired chordwise bending-moment 
amplitvide and phase-angle time histories was performed for the hovering maneu- 
ver and the 70-knot maneuver case of figure 12. The difference between the 
maximum measured and calc^llated chordwise moment amplitude was approximately 
15 percent of the maximum measured amplitude. The agreement obtained in these 
comparisons Indicates that the equivalent offset method is adequate for first- 
order estimates of the more significant structural loading problems of the 
hingeless-rotor system. Examination of the autorotation case indicated that 
the theory would predict low-cyclic chordwise moments in the maneuver, which is 
in agreement with the measured results. 

As noted in equation (lO), the amplitude of the blade chordwise bending 
moment is proportional to blade chordwise struct-ural stiffness eind this 

offers a means of alleviating the chord load sensitivity to maneuvers by 
reducing the blade chordwise stiffness. 


DYNAMIC MODEL HJVESTIGATION 


As part of the hingeless-rotor research program, Langley has taken part in 
a cooperative effort involving U.S. Army, Lockheed Aircraft, and NASA. This 
program has involved the design, construction, and wind-tunnel testing of a 
l/5-scale hingeless-rotor helicopter model, which was aeroelastically scaled. 

The model rotor was 10 feet in diameter. The program proceeded in three phases. 
The first-phase testing was done in Langley 50"foot by 60-foot full-scale tun- 
nel and the second- and third-phase testing was done in the Langley l6-foot 
transonic dynamics tunnel. The results and analysis of the testing are pub- 
lished in references 7 and 8. 

A considerable number of dynamic configurations were tested during the 
program. Research information of general interest resulting from the program 
Included structural load and aerodynamic data for the various rotor configura- 
tions. Rotors tested included those with twisted and untwisted blades; three-. 
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four-, and six-blade rotors; and variations in blade flapwise and chordwise 
stiffness and stiffness distribution. Each of these configurations was tested 
through a forward-speed and load-factor g range simulating conventional heli- 
copter and compound helicopter operation. 


Structural Loads 

Seven rotor configurations were tested in the Langley 50-foot by 60-foot 
full-scale tunnel. These tests covered a simulated speed range from hovering 
to 120 miles per hour and load factors up to 2.5g* A photograph of the model 
Installation in the tunnel test section is shown in figure li»-. The rotor con- 
figurations tested were all 3-l3laded and the blades were of wide chord giving 
a rotor solidity of 0.12. The testing in the full-scale t\mnel was done to 
study a variety of rotor dynamic configurations at low and moderate forward 
speeds prior to testing selected configurations at high forward speeds in the 
transonic dynamics tunnel. The model was dynamically scaled in all respects 
except Mach number and Reynolds number for the initial testing. 

Some of the highlights of the structural loads resxilts from the full-scale 
tixnnel testing are shown in figures 15, l6, and I7. In part (a) of each figure 
curves are shown for three rotor configurations in Ig trimmed flight conditions. 
One conflgviration represents conventional blade design with a blade cantilevered 
from the rotor hub which had a very high chordwise stiffness relative to its 
flapwise stiffness. The second configuration was the same blade with a reduced 
chordwise stiffness at the root achieved by using a flexible drag link. The 
stiffness of the drag link was such that the static deflection of the blade tip 
under a tip load was equal in both the flapwise and chordwise direction. The 
third configuration was such that along the entire blade the chordwise struc- 
tural stiffness was approximately equal to the flapwise blade stiffness. 

The variation in oscillatory blade torsional load throughout the speed 
range is shown in figure 15(a). The corresponding variation in the magnitude 
of cyclic flapwise bending moment is shown in figure l6(a). There were no sig- 
nificant Influences of chordwise blade stiffness or stiffness distribution in 
the case of the torsional and flapwise moments. From the standpoint of struc- 
tural loads, the most significant result of the testing is shown in figure 17(a) 
which shows the amplitude of cyclic chordwise moment at the blade root for Ig 
flight over the simulated speed range. As indicated in the figure, there is a 
large increase in chordwise cyclic load with increasing speed for the conven- 
tional blade (that is, for a blade with high chordwise stiffness and low flap- 
wise stiffness). By using a flexible drag link at the blade root to reduce the 
blade chordwise stiffness to match the flapwise stiffness a large reduction in 
chordwise cyclic loading was obtained over the entire speed range. An even 
greater reduction in the loads was achieved by matching the chordwise stiffness 
to the flapwise stiffness along the entire blade. 

While the res\ilts presented in part (a) of figures 15, I6, and I7 are for 
Ig flight, the effects of variations in load factor were Investigated and the 
resxilts are presented in part (b) of figures I5, 16, and I7. As indicated in 
figure 17(b), large reductions in blade chordwise cyclic bending moments were 
again obtained with the introduction of chordwise flexibility. 

lil- 



, The introduction of hlade flexibility as a means of reducing chordwise 
structural loading may offer the solution to the problem of high cyclic chord- 
wise moments experienced in the flight-test maneitvers mentioned in the first 
part of this paper (figs. 11 and 12). As indicated in equation (lO) and demon- 
strated in the wind- timnel- test resiilts the blade chordwise stiffness is 

a primary factor in determining the magnitude of the chordwise cyclic loading. 
Therefore, a reduction in blade chordwise stiffness wi3J. result in a reduction 
in blade structural bending moments. Care must be taken to achieve this stiff- 
ness reduction, without substantisil reduction in chordwise section modulus, 
especially in the rotor hub region, so that the net result is a decrease in 
blade stress levels. This can be handled by proper selection of materials, 
cross-section configuration, and stiffness distribution along the blade. The 
benefits of increased chordwise flexibility will apply to both steady flight 
conditions and to maneuver conditions since the key to the reduced structural 
moments is the centrifugal relieving moments developed on a flexible blade. 


Additional Wind-Tunnel Tests 

Following completion of the model tests in the full-scale tunnel at scaled 
forward speeds up to 120 nph, the model was tested in the Langley l6-foot tran- 
sonic dynamics timnel. In these tests the model was reballasted and tested in 
Freon at a density of 0.008 slug-per cubic foot and dynamic and aerodynamic 
scaling was achieved including Mach number and Reynolds number similitude. The 
model is shown installed in the transonic dynamics tunnel in figure l8. The 
basic configuration tested was the 5~l3lade rotor with matched root flapwise and 
chordwise blade stiffness. Aerodynamic and structural load data were obtained 
with simulated forward speeds from 60 to 24o mph and tip Mach nmber up to 0.91* 
Conventional helicopter and compound helicopter modes of operation were sampled 
and the results are presented in reference 7* 

Additional tests were made using a blade and rotor hub design optimized 
for low drag. The blades were of more conventional aspect ratio and the blade 
flapwise and chordwise stiffness were approximately matched along the entire 
blade. Rotors with J), 4, and 6 blades were tested with rotor solidities of 
0.06, 0.08, and 0.12, respectively. The model configuration is shown 

in figure 19 . As in previous tests, structuiral loads and performance data were 
obtained for a range of load factors and forward speeds in the helicopter and 
xmloaded rotor mode of operation. The following listing represents the maximum 
operating conditions reached with the unloaded rotor configurations. 
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The data obtained in the final phase of testing are presented in refej"- 
ence 8. The "optimized" rotor design with the low chordwise stiffness blades 
shows considerable promise from the standpoint of structural loads, vibration 
and performance. 


Ground Resonance 

One of the areas which requires careful investigation in regard to the 
reduced chordwise stiffness blade design is the ground resonance phenomenon. 

Due to the fact that the blade "in-plane" first bending mode natural frequency 
falls below normal operating rotor speed, a coupling of the in-plane blade 
oscillation with body pitch or roll oscillation may occur during runup or 
shutdown of the rotor. This situation corresponds to the classical "groimd 
resonance" experienced with hinged rotor systems. This coupling can also occvir 
in flight with the hingeless -rotor system, due to the fact that the fuselage 
has a pitch and roll stiffness as a result of being spring mo\mted to the rotor 
throiigh the cantilever action of the blades. This results in an "air resonance" 
phenomenon, which is equivalent to the classical groimd resonance phenomenon. 

An extensive theoretical analysis of the groimd resonance phenomenon for 
the hingeless rotor has been carried out in reference 9* This analysis included 
rotor aerodynamics, and the results of this work, presented in reference 10, 
indicate that the coupled vibration mode can be stabilized without the addition 
of artifical damping. Basically, the studies reported in references 9 and 10, 
and other investigations reported in reference 11, indicate that the presence 
of the rotor aerodynamics tends to stabilize the coupled response of the rotor 
and fuselage. The stabilizing influence of aerodynamics results from the fact 
that the aerodynamically damped blade flapping degree of freedom is now cou- 
pled to body pitch and roll degree of freedom through the cantilever action of 
the blades. The analyses indicate that, if the aerodynamics is removed from 
the system, the dynamic response reverts back to the classical Coleman imstable 
ground resonance phenomenon. 

During the third phase of model testing in the transonic dynamics tunnel, 
limited ground resonance type testing was conducted in air with the model bal- 
lasted for testing in Freon. This resulted in a dynamic simulation in which 
aerodynamic damping forces, relative to the mass and spring forces, were dimin- 
ished by approximately 60 percent. Under these conditions, cases of unstable 
"grovmd resonance" were encountered. In order to assure safe operation in the 
tunnel the body pitch and roll frequencies were adjusted to eliminate resonance 
when operating in air at normal rotor speed. Operation still involved passing 
through a rotor speed at which body pitch natural frequency coincided with blade 
chordwise natural frequency in the nonrotating coordinate system. This sitm- 
tion is indicated in figure 20 at the intersection of the body pitch frequency 
curve and the curve. In the absence of aerodynamics this point theo- 

retically corresponds to a condition of \mstable ground resonance. Subsequent 
operation in Freon was carried out without experiencing unstable ground 
resonance. 
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’ A thoroiigh study of the ground resonance problem was not undertaken during 
the t\mnel program; however, this phenomenon will req.vu.re further investigation 
in order to conclusively establish whether the reduced chordwise stiffness blade 
configurations can, in fact, be operated over a wide range of conditions without 
encountering mechanical instabilities of the grovind resonance type. 


CURRMT FLIGHT INVESTIGATION 


As part of the continviing hingeless rotor program, an XH-51N helicopter, 
shown in figure 21, has been purchased by NASA. This aircraft is equipped with 
a 5“bladed hingeless rotor and represents an aircraft specifically designed to 
utilize the hingeless rotor system. The aircraft has been completely instru- 
mented for handling qualities, performance, structural loads and dynamics inves- 
tigations and is being used as a general research vehicle. The new capability 
of the hingeless rotor system will make it possible to investigate the influence 
of increased levels of control power and damping on the handling qualities cri- 
teria of reference 12. 

A structural loads investigation will be conducted concurrently with the 
handling qualities program. The early portions of the structural loads program 
will deal with the general nature of the loads encountered in operation of the 
aircraft. Later, specific flight conditions will be flown to investigate struc- 
tures and dynamics problems in detail. 


CONCUJDING RMAEKS 


In general, the flight, wind-tunnel and analytical investigations carried 
out to date On the hingeless-rotor concept indicate there are definite improve- 
ments to be gained by proper application of the principle. It has been shown 
that the system cannot actually be treated as a "rigid" structure and, in fact, 
in the first flapwise mode it deforms much like a hinged system. The in 5 )rove- 
ments associated with the hingeless rotor stem from its simplicity and the capa- 
bility to develop large rotor hub moments. In actually utilizing the hingeless 
rotor design particular attention must be given to the problems of (l) control 
and damping cross coupling (2) structural loads in manevtvers, when using high 
chordwise blade stiffness and (5) the avoidance of ground resonance type insta- 
bilities, when using blades with low chordwise stiffness. 

As a result of the research conducted to date, there appear to be promising 
avenues open to cope with the problems that have been identified; however, con- 
tinuing research is required to explore these promising solutions. It will also 
be necessary to expand the analytical and experimental investigations in order 
to provide sufficient design criteria for the successful utilization of the 
hingeless-rotor system on advanced VTOL aircraft. 
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Figure 5.- Eq.ui valent offset hinge blade with spring restraint 



Figure 4.- Effect of blade stiffness and Lock number on rotor hub control moment 

and cross-coupling^ = 0.10. 




Figure 6.- Hingeles 



Figure 7.- Hingeless-rotor hub and slipring assembly. 
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Figure 8.- Control- response and handling-q-ualitles comparison of hingeless-rotor helicopter 
and conventional hinged-rotor helicopter in hovering flight. 
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Figure 10.- H-15G hingeless-rotor cyclic structural loads in level flight. 
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Figure 11.- Structural- loads time history during longitudinal maneuver 
recovery with hingeless-rotor helicopter in hovering flight. 



Figure 12.- Structural- loads time history during lateral maneuver with hingeless-rotor 
helicopter in level flight at a forward speed of 70 knots. 
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Figure 15.- Maximum blade cyclic chordwise bending moments in hovering pitching maneuver. 



Figure l4.- Hingeless-rotor dynamic model in Langley JO-foot 60-foot full-scale tunnel. 


CONVENTIONAL 



Figure I5.- Effect of blade chordwise stiffness on blade torsional cyclic load. 




Figure 17 * ~ Effect of blade chordwise stiffness on blade chordwise cyclic load. 




dynamics tunnel (Solidity = 0.12). 



dynamics tunnel (Solidity = 0.06). 



Figure 20.- Ground resonance diagram for reduced chordwise stiffness blade. 
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